Transmission of auditory information from the medial geniculate body to the lateral nucleus of the amygdala is believed to be involved in the conditioning of fear responses to acoustic stimuli. This pathway exhibits LTP of electrically evoked field potentials after high frequency stimulation of the medial geniculate body. High frequency stimulation of the medial geniculate body also results in a long-lasting potentiation of a field potential in the lateral amygdala elicited by a naturally transduced acoustic stimulus. This demonstrates that natural information processing can make use of the physiological mechanisms set in motion by LTP induction.
Introduction
Classical fear conditioning is the leading behavioral paradigm for studying the neural mechanisms through which emotional memories are formed and stored (LeDoux, 1992; Davis, 1992; Kapp et al., 1992; Fanselow, 1994) . It also has emerged as an important experimental model for understanding the neural basis of several psychiatric disorders, including anxiety, phobia, and posttraumatic stress disorder (LeDoux, 1995; Davis, 1992; Shalev et al., 1992; Chman, 1992; Charney et al., 1993) .
In fear conditioning, a neutral, nonthreatening conditioned stimulus (CS), such as a tone, occurs in association with an aversive unconditioned stimulus (US), typically a brief electrical shock delivered to the skin. As a result of this pairing, the CS acquires aversive properties and will, when presented alone, elicit defensive behaviors and autonomic nervous system responses.
Several properties of fear conditioning make it particularly attractive as a model of memory. First, fear conditioning is rapidly learned: the CS-US association can be formed after a single CS-US pairing (Fanselow and Belles, 1979) . Second, fear conditioning results in extremely robust memories: once formed, the CS-US association is difficult to extinguish and even once extinguished, can often be recovered (Bouton and Swartzentruber, 1991; Jacobs and Nadel, 1985) . Third, the techniques of fear conditioning apply to humans as well as experimental animals (Guimaraes et al., 1990; dhman, 1992) .
Fear conditioning, like other forms of classical conditioning, is believed to involve physiological changes in the pathway processing the CS, as a result of the convergence of inputs from the US pathway (Pavlov, 1927; Konorski, 1967; Hebb, 1949; Kandel and Spencer, 1968) . A wealth of data has established that the amygdala is likely to be an important site of physiological changes in fear conditioning (Davis, 1992; Davis et al., 1994; LeDoux, 1992 LeDoux, , 1995 though the nature of the neural plasticity underlying this natural form of learning remains unknown.
One of the primary techniques for studying experiencedependent neural plasticity involves high frequency electrical stimulation of afferent pathways. Following such stimulation, synaptic efficacy in the pathway can be increased, resulting in a long-term potentiation (LTP) of synaptic transmission in the stimulated pathway. Since the discovery of this phenomenon by Bliss and L0mo (1973) the changes in synaptic efficacy that result from high frequency stimulation have frequently been interpreted as a physiological window on the neural basis of learning and memory (Lynch, 1986; Brown et al., 1988; Staiibli, 1995; Barnes et al., 1995; Bliss and Collingridge, 1993; Teyler, 1992) .
LTP has been extensively studied in the hippocampal formation and cerebral cortex using in vitro brain slice preparations and, to a lesser degree, with in vivo preparations (Bliss and L0mo, 1973; Lynch, 1986; Cotman et al., 1988; Brown et al., 1988; Malenka and Nicoll, 1993; Madison et al., 1991; Bliss and Collingridge, 1993; StaObli, 1995; Barnes et al., 1995; Artola and Singer, 1987) . However, both in vivo and in vitro work has typically used electrical stimulation of afferent pathways to test the potentiating effects of high frequency stimulation. The artificial nature of this form of stimulation limits the application of LTP findings to naturally occurring events in the brain, such as those events that underlie the acquisition and storage of information.
Fear conditioning is mediated, at least in part, by way of projections from sensory processing areas of the thalamus to the lateral nucleus of the amygdala (for review, see LeDoux, 1995) . For an auditory CS, this pathway originates in the medial regions of the auditory thalamus, including the medial division of the medial geniculate body and the adjacent posterior intralaminar nucleus (MGml PIN) . Several years ago we demonstrated that high frequency stimulation of the MGm/PIN results in a longlasting increase in the slope and amplitude of afield potential elicited in the lateral amygdala by a low frequency electrical stimulusdelivered to the MGm/PIN . This finding of use-dependent plasticity in a pathway involved in fear conditioning suggested that fear conditioning might involve an LTP-like phenomenon (LeDoux, 1992 (LeDoux, , 1995 .
In the present study, we attempted to narrow the gap between the artificial conditions of LTP studies and the conditions of natural learning. To this end, we examined whether a field potential elicited in the lateral amygdala by a naturally transduced acoustic stimulus (in effect, a CS in a conditioning study) would be modified by high frequency stimulation of the MGmlPIN, which contains cells that transmit auditory signals to the lateral amygdala during fear conditioning.
Results

Experimental Design
Two types of stimuli were presented to urethane-anesthetized rats: central electrical stimuli delivered directly to the MGmlPlN and peripheral acoustic stimuli delivered to the ear (see Figure 1) . Evoked field potentials (EPs) elicited by auditory stimuli (auditory EPs) and by electrical stimuli delivered to the MGmlPlN (electrical EPs) were recorded in the lateral amygdala and in the overlying regions of the caudate-putamen (CPU). In the experimental group, EPs were measured in the lateral amygdala before and after high frequency electrical stimulation of the MGm/PIN. In an anatomical control group, recordings of auditory and electrical EPs (from test stimulation of the MGm/PIN) were obtained in the CPU before and after high frequency stimulation of the MGmlPIN. For a physiological control group, EPs were measured in the lateral amygdala before and after low frequency stimulation (1 Hz) of the MGmlPIN. Auditory and electrical EPs were quantified by measurement of the latency of peak, the amplitude, and the slope of the potential. The use of slope measurements of this type to quantitate evoked potentials is widely used in LTP studies, and our analysis focuses on this measure. However, in the present case, analyses of slope and amplitude measures yield essentially the same results.
Naturally Transduced Acoustic Stimulus Animals are anesthetized and held in a stereotaxic frame (inset). A recording electrode is placed in the lateral amygdala, and astimulating electrode is placed in the MGmlPIN. Acoustic stimuli are delivered to the contralateral ear through a calibrated speaker encased in a tube inserted into the ear canal. The transduced acoustic stimulus is conveyed viadirect projections from the MGmlPlN to the lateral amygdala, where it elicits an auditory EP. Delivery of an electrical stimulus directly to the MGmlPlN also elicits an evoked field potential in the lateral amygdala.
Characterization of Auditory and Electrical EPs Auditory EPs, averaged over 50 trials, could be elicited in the lateral amygdala and overlying areas of the CPU by presentation of a wide range of acoustic stimuli (white noise, pure tones, and frequency modulated [FM] tones). Although auditory EPs were monitored in epochs as long as 350 ms, the most prominent, and only consistent, feature was a negative potential with a peak latency occurring between 10 and 25 ms following stimulus onset (e.g., Figures 2A and 2C) . The latency of a particular potential was dependent upon the anatomical location of the recording, as described in detail below. For a given recording site, the shape of the potential was sensitive to both the frequency composition of the stimulus and the interstimulus interval (ISI) used to accumulate the average. An FM tone sweep (25 kHz carrier frequency, 50 Hz modulation frequency, 5 kHz modulation depth, 5 or 100 ms duration, 1 ms ramp, 80 dEi intensity) delivered at a 5 s ISI was found to elicit robust responses reliably in both the lateral amygdala and CPU and was used in all studies reported. Stimulus duration was not a factor over the range tested (5-1000 ms), owing to the fact that the latency of the relevant response was short. For a given stimulus and ISI, the shape, slope, amplitude, and peak latency of the average waveform were highly reproducible and remained stable over the longest period measured (8 hr). All data were collected within this time frame.
Auditory EP measurements (50 stimulus repetitions, 5 s ISI) were made every loo-250 pm, beginning with a stereotaxic placement of the electrode in the CPU, about 5 mm below the surface of the brain and l-2 mm above the lateral amygdala. The auditory EP latency varied systematically with the depth of the recording, as determined from histological reconstructions ( Figure 3A ). The locations of the recordings in the lateral amygdala and CPU are shown in Figure 36 . The middle recording, obtained in the transition area at the border between the CPU and the lateral amygdala, shows contributions of both the shorter and longer latency components. Each trace represents the average response to 50 auditory stimuli. (6) Recording sites for each of the experiments involving high frequency stimulation (HFS) of the MGmlPIN. The relative latency of the auditory EP and the effects of HFS are indicated. All sites in the CPU had auditory EPs with relatively short peak latencies (<15 ms), and the slope of the potential either decreased or was unchanged. All sites in the lateral amygdala had slightly longer peak latencies (>I5 ms). and the slope increased after HFS.
The peak latency of the average auditory EPs recorded in the lateral amygdala (n = 12) was consistently 15 ms or longer (mean = 18.50 + 2.65 ms), whereas auditory EPs recorded in the CPU (n = 7) invariably occurred before 15 ms (mean = 11.69 + 2.20 ms). The peak latency of the auditory EP in the lateral amygdala and CPU was closely related to the local unit activity measured from the same recording electrode with different filter settings ( Figure 4) . Although auditory evoked unit responses in the lateral amygdala occurred as early as 1 O-l 2 ms, as previously reported (Bordi and LeDoux, 1992 ) the maximal unit activ- ity occurred around 15-l 8 ms and corresponded closely to the peak latency of the simultaneously recorded auditory EP.
Electrical stimulation parameters were based on the previous study establishing LTP in this pathway and were chosen to ensure that LTP was induced and that the inputs involved in evoking the auditory EPs form a subset of the larger number of electrical inputs. For this reason, the electrical EPs are consistently larger than the auditory EPs. Electrical EPs were elicited by monophasic pulses (l-5 uA, 0.2 ms) delivered to the MGmlPIN. Each electrical EP measurement was the average of responses resulting from 20 repetitions (3 s ISI) of the electrical stimulus and, like the auditory EP, was stable in shape, magnitude, and peak latency over the longest period measured (8 hr). The electrical EP in both the lateral amygdala and CPU was a negative potential, with a latency in the lateral amygdala of 5.48 + 1.06 ms and in the CPU of 3.43 f 0.34 ms (e.g., see Figures 28 and 2D ). This latency difference in the electrical EP elicited in the thalamo-amygdala and the thalamo-caudate pathway may account for at least some of the latency difference in the auditory EPs recorded in the two regions.
Effects of High Frequency Stimulation on Auditory and Electrical EPs
Auditory and electrical EPs were measured at 10 min intervals until stable responses were obtained in three successive recordings, which were then averaged to obtain the baseline response. Immediately following the baseline measurements, the pathway received high frequency stimulation, which consisted of 3 blocksof electrical stimulation delivered at 5 min intervals, each block containing 10 trains at 1 Hz of 30 stimuli delivered at 300 Hz, at test stimulus current. After high frequency stimulation, auditory and electrical EP measurements were obtained at 5, 15, 30, 45, and 60 min. (In three instances there was one time point at which single auditory or electrical EP measurements could not be obtained for technical reasons. For the purpose of assembling group data, these values were replaced with the mean of the remaining measurements for the animal.)
The slope and amplitude of the auditory and electrical EPs in the lateral amygdala increased after high frequency, but not low frequency, stimulation. An example is shown in Figure 5 .
Group data were averaged across the five measurement periods during the 60 min following high frequency or low frequency stimulation. For each group (lateral amygdala with high frequency stimulation, CPU control, and low frequency control), posttreatment measures were compared with their baseline values ( Figure 6 ). In the lateral amygdala, high frequency stimulation resulted in a significant increase in slope and amplitude for both the auditory and electrical EPs (auditory EP slope: mean = +129.5980/o f 20.92% [one sample t test, t(6) = 3.63, p < .Ol]; auditory EP amplitude: mean = +55.430/o + 8.43% [t(6) = 14.67, p < ,011; electrical EP slope: mean = +108.02% f 12.75% [t(6) = 3.78, p < ,011; electrical EP amplitude: mean = +39.99% & 4.28% [t(6) = 20.84, p < ,011). In contrast, in the CPU (n = 7), there was a modest, though significant, decrease in the slope of both the auditory and electrical EPs (auditory EP slope: mean = -17.87% 2 10.69% [t(6) = -2.49, p < ,051; auditory EP amplitude: mean = -8.35% + 6.12% [t(6) = -3.05, p< ,051; electrical EPslope: mean = -22.53% A one factor repeated measures ANOVA was performed on group with time as a repeated measure (Figure 7 ). Auditory and electrical EP data were analyzed separately. For both stimulus types and for both slope and amplitude measures, there was a main effect of group (auditory EP slope: F(2,7) = 13.84, p < .Ol; auditory EP amplitude: F(2,7) = 9.52, p < .Ol ; electrical EP slope: F(2,7) = 14.57, p < .Ol ; electrical EP amplitude: F(2,7) = 6.49, p < .Ol) and a significant interaction between group and time (auditory EP: F(2,7) = 8.48, p< .OOOl; electrical EP: F(2,7) = 10.63, p < .OOOl). Post-hoc analysis revealed that, for both the auditory and electrical EPs and for both slope and amplitude measures, the lateral amygdala high frequency stimulation group was significantly different from both the low frequency controls (Tukey-Kramer, p < .05) and the CPU controls (Tukey-Kramer, p < .05).
The pre-and posttreatment time courses of these effects on slope for the three groups were determined with posthoc t tests (Figure 7) . For lateral amygdala measurements, auditory and electrical EP slopes were significantly larger than the baseline measures. For the CPU measurements, electrical EP slope was significantly smaller than baseline at each post-high frequency stimulation time point (p < .05). The depression in slope of the CPU auditory EP showed a delayed onset, reaching significance with respect to baseline only at the 30 and 45 min measurements after high frequency stimulation (p < .05). For the low frequency control group, there were no significant posttreatment changes in either auditory or electrical EP slope *O" IAuditory EP T T Circles mark the lateral amygdala high frequency stimulus group, triangles mark the CPU high frequency group, and squares mark the lateral amygdala low frequency control group. The slope of the auditory and electrical EPs increased in the lateral amygdala after high frequency but not after low frequency stimulation of the MGmlPIN. High frequency stimulation of the MGm/PIN resulted in a modest depression of the slope of the potentials in the CPU. A number sign indicates that a posttreatment measurement was significantly different from the pretreatment baseline measurement (determrned by one sample t tests; p < 35). An asterisk indicates that the lateral amygdala hrgh frequency group was significantly different from the lateral amygdala low frequency group (Tukey-Kramer, p i .05) and from the CPU high frequency group (Tukey-Kramer, p < .05).
(p > .6). A similar pattern of results was observed in the amplitude data.
For each group, a repeated measures ANOVA shows that there were nosignificant differences between auditory and electrical EP slopes or amplitudes at any time in the course of the experiment. ANOVA also showed the stability of auditory and electrical EP recordings for each experimental group by the absence of significant differences in slope among the three pretreatment slope or amplitude measures and among the five posttreatment slope or amplitude measures.
Discussion
High frequency stimulation of the MGmlPIN, and thus the thalamo-amygdala pathway, leads to LTP of electrical stimulus transmission from the MGmlPlN to the lateral amygdala and a commensurate long-lasting enhancement of the auditory EPs measured in the lateral amygdala. This same high frequency stimulation induces a moderate depression of electrical EPs in the thalamo-CPu pathway and of auditory EPs in the CPU. These results demonstrate use-dependent plasticity of the processing of both artificial central stimulation and naturally transduced peripheral acoustic stimuli. In particular, it appears that the thalamo-amygdala pathway has the capacity to alter its response to acoustic stimuli for long periods of time as a consequence of brief stimulation episodes. This finding is of special significance since this pathway is known to be involved in the formation of long-lasting memories about aversive properties conditioned to an acoustic CS after brief instances of CS-US pairing (LeDoux, 1992 (LeDoux, , 1995 .
Localization of Auditory EP Generators
Field potentials are volume conducted and can be measured at sites distant from the generating population (for review, see Leung, 1990) . However, several lines of evidence strongly suggest that potentials measured within the lateral amygdala arise from generators within the lateral amygdala and that this generator population is distinct from that which contributes to the potentials measured within the CPU.
First, histological reconstruction of recording sites revealed that auditory EPs measured in the lateral amygdala have a characteristic latency distribution that distinguishes them from potentials measured in the CPU (see Figure 2 ). For the recordings used in these studies, the peak latency of the auditory EPs recorded in the lateral amygdala was consistently longer than the peak latency of auditory EPs recorded in the CPU.
The anatomical compartmentalization of these two field potential types within the lateral amygdala and CPU, respectively, is further suggested by the examination of sequences of recordings taken in the course of ventral progress of the recording electrode through the CPU and into the lateral amygdala (see Figure 3A) . Across all experiments, the shortest latencies ( -9 ms) occurred in the CPU, about 5 mm below the surface of the brain and about l-2 mm above the lateral amygdala. Longer latencies were recorded within the lateral amygdala. The increase in latency as the electrode moved ventrally from the CPU to the lateral amygdala was not uniform, and some recordings revealed an abrupt transition at the border between the CPU and the amygdala. In the course of ventral movement of the electrode in 100-250 pm steps, a robust recording of a short latency response (11-13 ms) could be followed at the next step by a recording in which an auditory response was hardly discernible or by a recording that included both a short (11-13 ms) and a slightly longer (15-20 ms) response. These were then typically followed, at the next ventral step, by the recording of a robust, longer latency response (15-20 ms) alone. By examining the size of the electrode movements that led to recordings of the intermediate responses, we were able to estimate that the transitional area lies within an area extending dorsally about 250 pm dorsal to border of the lateral amygdala.
Evidence for the local generation of auditory EPs is also provided by the fact that auditory EP latency correlates with the latency of maximal single unit activity measured simultaneously at the tip of the same electrode (see Figure  4) . The highest levels of auditory evoked unit activity were found to coincide with the peak negativity of the auditory EP measured with the same electrode, although auditory evoked unit activity with latencies as early as 10 ms were observed in lateral amygdala, as previously reported (Bordi and LeDoux, 1992) . The contribution of these early responding lateral amygdala units may be reflected in some auditory EPs that begin their downward deflection as early as 12 ms, reaching their characteristic peak negativity within 15-20 ms.
In addition to the correspondence of the latency of the auditory EP with the anatomical location of the recording and with the latency of maximal local single unit activity, auditory EP latencies are highly predictive of how the potentials will be modulated by high frequency stimulation of the MGm/PIN. The shorter latency auditory EPs characteristic of potentials measured in the CPU are either unchanged or depressed after high frequency stimulation, whereas the slightly longer latency auditory EPs characteristic of the lateral amygdala undergo LTP after the same high frequency stimulation (see Figure 3B ). This strongly suggests that the two field potential types arise from distinct populations. In fact, anatomical tracing (LeDoux et al., 1985 and physiological LeDoux, 1994a, 1994b ) studies demonstrate that the thalamic cells that project to the CPU are mostly located in the MGm and the supergeniculate nucleus, whereas the cells that project to the lateral amygdala are located mostly in the PIN, but also in the ventral MGm. High frequency stimulation-induced LTP has been observed in the lateral amygdala in several studies Chapman et al., 1990) . Our observation that high frequency stimulation induces a modest depression of auditory and electrical EPs in the CPU is consistent with previous reports of high frequency stimulation-induced long-term depression in the CPU (see below) (Calabresi et al., 1992a (Calabresi et al., , 1992b .
What Neuronal Processes Underlie the Measured Auditory EPs?
The physiological characteristicsof the EP are determined by the magnitude of the stimulus-elicited currents in the brain as well as their temporal and spatial distributions (for review, see Leung, 1990 ). In the absence of detailed information regarding the neural architecture of the nuclei from which we are recording, it is not possible to say what processes are contributing to the measured potential. It may at least be stated that slope reflects the time course of the activation of the neuronal processes contributing to the auditory EP. The fact that in both nuclei the peak negativity of the auditory EP corresponds to peak activity of single units in the vicinity of the recording electrode is consistent with the hypothesis that the negative-going deflection of the auditory EP reflects synchronized integrative activity (synaptic activation) that is preliminary to the generation of action potentials, and may also include the effects of action potentials themselves. The MGmamygdala pathway is known to involve glutamatergic transmission Li et al., 1995) . The ubiquity of a-amino-3-hydroxy-5-methyl-4-isoxazolepropimate and N-methyl-o-aspartate receptors in the lateral amygdala (Monaghan and Cotman, 1985) make it likely that these potentials reflect evoked excitatory responses.
What Is the Relation between Auditory and Electrical EPs?
Electrical stimulation of the MGmlPlN activates a certain population of lateral amygdala-fugal fibers. Since this thalamic region is known to convey auditory information to the lateral amygdala (LeDoux et al., 1985 Bordi and LeDoux, 1994b) , it is reasonable to assume that this population has some substantial overlap with the population of MGmlPIN-lateral amygdala-fugal fibers activated by the acoustic stimulus. The fact that plasticity of both auditory and electrical EPs is induced concurrently by the same stimulus strongly supports this contention.
Even though there is a population of afferents activated by both electrical and acoustic stimulation, there is no a priori reason to expect that the activity evoked in the lateral amygdala by electrical stimulation of the MGm/PIN and by peripheral acoustic stimulation would necessarily be similar. However, the fact that the induced plasticity in the processing of each stimulus type was commensurate indicates that the synapses whose efficacy was affected by the manipulation were used in similar ways in the processing of both stimulus types. This finding is relevant to the body of literature that seeks to find connections between LTP and the substrates of natural plasticity; the processing of both artificial electrical stimulation and natural sensory information in the thalamo-amygdala system are affected to a similar degree by high frequency stimulation-induced modification of synaptic efficacy.
What Are the Possible Loci of Plasticity Measured in the Lateral Amygdala? Plasticity resulted from stimulation of the MGmlPIN, which transmits auditory information to the lateral amygdala both directly through a monosynaptic projection (LeDoux et al., 1985 Bordi and LeDoux, 1994b; Turner and Herkenham, 1991) and indirectly through connections in the auditory cortex LeDoux, 1993a, 1993b; Mascagni et al., 1993) . The reported values for latency of single unit responses in the lateral amygdala to stimulation of the MGmlPlN ) and antidromic activation of the same pathway (Bordi and LeDoux, 1994b) are consistent with the interpretation that the electrical EPs measured in the lateral amygdala result from transmission along the monosynaptic MGmlPIN-lateral amygdala pathway. In the absence of precise data regarding latencies of other lateral amygdala-fugal pathways, we cannot eliminate the possibility that thalamic high frequency stimulation induced plasticity at other synapses in the auditory system, particularly in auditory cortex, where physiological studies have shown auditory cortex plasticity (Weinberger, 1995; Weinberger et al., 1995) . Nevertheless, the simplest interpretation of the existing data is that the monosynaptic MGmlPlN input to the lateral amygdala is at least a major contributor to the electrical EP measured in the lateral amygdala, and therefore a likely locusof high frequency stimulation-induced electrical EP plasticity. Since electrical EP plasticity and the coinduced auditory EP plasticity are by our measures commensurate, it is also likely that they arise from the same changes in synaptic efficacy. Hence, the monosynaptic MGmlPIN-lateral amygdala pathway may also be considered a locus of usedependent plasticity of auditory processing.
What Is the Possible Significance of Auditory Plasticity in the CPU? The same high frequency stimulation that induced potentiation in the lateral amygdala also induced a relatively modest depression of processing in the CPU. This finding indicates that the potentiation observed in the lateral amygdala was not due to some generalized increase in responsivity in the afferent targets of the MGm/PIN and/ or the auditory system after high frequency stimulation.
The striatum is the largest input structure for the basal ganglia, receiving inputs from the neocortex as well as the thalamus and amygdala, and as such participates in a circuit that has been implicated in motor planning and execution as well as motor learning (for review, see Graybiel et al., 1994) . The present findings add to the growing body of physiological evidence of neuronal plasticity in the CPU. High frequency stimulation of cortical inputs to the CPU results in long-term depression of synaptic efficacy in vitro (Calabresi et al., 1992a (Calabresi et al., , 1992b ). In addition, recent studies of single unit activity in behaving monkeys during sensorimotor conditioning has found acoustically driven decreases in the firing rate of striatal neurons consequent to the learning of acoustic cues (Aosaki et al., 1994a (Aosaki et al., , 1994b . The present study, linking high frequencystimulation-induced depression of electrical EPs with depression of acoustically driven neural activity in the CPU, is consistent with these studies. It should be noted that the parameters of the high frequency stimulation used in the present study were designed to maximize LTP in the lateral amygdala; it remains possible that parametric studies aimed at maximizing synaptic depression in the CPU would amplify this effect.
What Is the Possible Significance of Auditory EP Plasticity in the Lateral Amygdala? We can infer from the change in behavioral response to an acoustic CS after classical fear conditioning that some physiological change has occurred in the fear conditioning circuit, presumably as a systematic modification of CSevoked activity at some point or points along its processing stream. Our results demonstrate that artificial high frequency stimulation sets in motion mechanisms present in the physiological repertoire of the MGmlPIN-lateral amygdala pathway that are capable of altering information processing of sound in along-lasting manner. Since thissame pathway is known to be involved in fear conditioning, it follows that these same mechanisms are, at least, available for activation during fear conditioning. Determination of whether or not these mechanisms are in fact used during learning awaits further study.
There are clearly many significant differences between the present manipulation and fear conditioning. For one, the technique used in this experiment to generate plasticity, induction of high frequency activity of the auditory thalamus, is unlikely to be paralleled exactly by neural activity evoked in the course of learning. However, it has long been recognized that certain aspects of LTP (such as associativity and cooperativity) closely parallel the informational demands of theoretical models of the formation of experience-related changes in neuronal function. In fact, the wealth of data that implicate the lateral amygdala in fear conditioning includes anatomical and physiological evidence that neural activity within the lateral amygdala meets many of these informational demands, including the convergence of CS and US input on single neurons (see LeDoux, 1992 LeDoux, , 1995 . In this respect, the physiological parameters of classical fear conditioning bear a more simple and direct parallel to LTP than some other model systems of learning (such as spatial learning), whose interactions with LTP have been studied in several preparations with controversial results (for review, see Barnes et al., 1995) .
The MGm and PIN also contain neurons that are footshock responsive (Bordi and LeDoux, 1994b) , and PIN stimulation has served as an effective US when paired with a tone CS in a classical fear conditioning study (Cruikshank et al., 1992) . To the extent that these neurons project to the lateral amygdala, stimulation of the MGmlPlN may involve activation of lateral amygdala-fugal footshock-responsive (or otherwise US-effective) afferents, as well as acoustically responsive afferents, leading to a convergence of inputs on neurons in the lateral amygdala that is akin to the convergence of US and CS. Thus, it is possible that high frequency MGmlPlN stimulation may create associative LTP and, to some extent, simulate normal conditioning.
Conclusion
The present study provides a link between the extensive studies of artificially induced synaptic plasticity and natural sensory processing in the brain by assessing the effects of these long-lasting, use-dependent changes in the transmission properties of apathwayon naturally evoked neural activity. We found that the transmission of naturally transduced auditory information in the lateral amygdala is enhanced after high frequency stimulation of the MGmlPlN in a manner that parallels in magnitude, direction, and time course the enhancement of electrical stimulus transmission typically used to define LTP. The fact that this example of sensory-potent plasticity is found in a pathway known to be involved in the formation of memories during fear conditioning places this result in a congruent behavioral context. The techniques developed here afford easy translation to studies of synaptic modifications induced in awake, behaving animals by fear conditioning, and these studies are now in progress.
Experimental Procedures
Male Sprague-Dawley rats (280-320 g) were anesthetized with urethane and mounted in a Kopf stereotaxic frame with blunt earbars. A single set of three injections of urethane (intraperitoneally at 10 min intervals, totaling 1.6 mglkg) was given 2 hr prior to the beginning of recording. This was sufficient to keep the animal in a surgical plane of anesthesia for at least 10 hr, and all experiments were completed without the need for supplementary injections of anesthesia. Body temperature was regulated throughout the experiment with a thermostatically controlled heating pad. Using aseptic surgical procedures, the cranium was exposed, and a hole was drilled above the left lateral amygdala and left MGmlPIN. Three small jeweler's screws were placed in the anterior cranium, and a rod, mounted on the stereotaxic frame, was cemented to the cranial screws with dental acrylic. This rod maintained the position of the cranium in the stereotaxic plane so that the right earbarcould be removed and replaced with the speaker assembly (see below).
The stereotaxic instrument and rat were transferred toadouble-wall, sound-attenuated room. A steel recording electrode (0.6 MQ) was stereotaxically positioned above the lateral amygdala, and a concentric stimulating electrode was positioned above the MGmlPlN using coordinates derived from an atlas of the rat brain (Paxinos and Watson, 1986) .
Acoustic stimuli consisted of FM tones (FM tone sweep, 25 kHz carrier frequency, 50 Hz modulation frequency, 5 kliz modulation depth, 5 ms or 100 ms duration, 80 dB intensity). These were synthesized by the BrainWave Systems Auditory Stimulator and delivered through a Sony earphone (MDR V6) stripped of its plastic housing and mounted with rubber 0 rings in a stainless steel container. The front wall of the container was tapered down to a centrally located hole (4 mm diameter) in which a 3 cm length of stainless steel tubing (4 mm outside diameter) was fitted for sound delivery. During the experiment, the right earbar was removed, and the speaker assembly was mounted in its place on the stereotaxic frame, with the sound delivery tube snugly inserted into the right ear canal so that it occupied a fixed position close to the tympanum. The sound delivery system was calibrated using procedures described by Bordi and LeDoux (1992) . Electrical stimulation (l-5 GA, 0.2 ms)generated by aGrasss8800stimula-tor was delivered through a concentric stimulating electrode placed in the MGmlPlN using stereotaxic coordinates.
Neural potentials were amplified (10,000 x) by an AC amplrfier (model WDR 420 Fintronics, Derby, CT), displayed on a dual-trace storage oscilloscope (Tektronix 511 1 a), and digitized (at 10 kHz) using the Cambridge Electronics Design 1401 and its Multichannel Signal Average software. The waveforms were recorded on-line with three filtering methods: raw signal, low pass (400 Hz), and band pass (400-8 kHz).
During the course of the experiment, we monitored the processing of acoustic and electrical stimuli at several time points by obtaining an auditory EP measurement (50 stimuli at a 5 s ISI took -5 min), followed immediately by an electrical EP measurement (20 stimuli at a3 s ISI took -1 min). In the description that follows, the measurement times noted mark the beginning of the auditory EP measurement.
Auditory and electrical EPs were recorded in the lateral amygdala and in the overlying regions of the CPU. In the experimental group, EPs were measured in the lateral amygdala before and after high frequency electrical stimulation of the MGmlPIN. In an anatomical control group, auditory and electrical EPs (from test stimulation of the MGmlPIN) were obtained in the CPU before and after high frequency stimulation of the MGmlPIN. For a physiological control group, EPs were measured in the lateral amygdala before and after low frequency stimulation (1 Hz) of the MGmlPIN. Auditory and electrical EPs were quantified by measurement of the latency of peak, the slope, and the amplitude of the negative potential. The slope was measured by applying a linear fit to the last component of the negative-going deflection. The amplitude of the EP was measured peak to peak (between the onset of the response and the peak negativity and between the peak negativity and the offset). The mean of the absolute values of these two measures was calculated and used as the measure of average amplitude.
Recording of auditory EPs began at an electrode position 5 mm ventral to the cortical surface, and recordings were obtained every 100 or 250 pm. Final placement of the recording electrode was guided by stereotaxic coordinates and, in later experiments, by the characteristic auditory EP latency observed in the desired structure (lateral amygdala or CPU). A position was achieved such that suitable auditory and electrical EPs could be measured. Once electrodes were in position, electrical test stimulus current was adjusted so that the electrical EP amplitude was half-maximal, Baseline auditory and electrical EPs were taken at 10 min intervals until stable responses were recorded in three successive averages.
After baseline auditory and electrical EPs were obtained, the stimulation treatment was applied to the MGmlPIN. In both the experimental group (lateral amygdala high frequency stimulation) and the anatomical control group (CPU control), high frequency stimulation was delivered. High frequency stimulation consisted of a total of 3 blocks of electrical stimulation, with 5 min between blocks. Each blockcontained a total of 10 stimulus trains delivered at 1 s intervals, each train consisting of 30 pulses delivered at 300 Hz. In each experiment, the amplitude and duration of the electrical pulses used in the high frequency stimulation were the same as those used to generate electrical EPs. The stimulation treatment for the low frequency control group consisted of the same number of electrical stimuli as in the high frequency stimulation protocol, but delivered at 1 Hz. After stimulation treatment, auditory and electrical EPs were then obtained at 15 min intervals for 1 hr or more.
At the conclusron of the experiment, small electrolytic lesions were made at the tip of the recording and stimulating electrodes (10 PA, 8 s). The animals were then perfused with normal saline followed by 10% buffered formalin containing potassium ferrocyanide (5%) and potassium ferricyanide (5%). The brains were removed, postfixed, frozen, sectioned (40 pm) on a cryostat, and dry-mounted onto acidcleaned, gelatin-coated slides. Sections were stained with thionin (0.25%) and recording sites and tracks were reconstructed using a microscope with a camera lucida attachment (Olympus BH-2).
